Introduction

p27
Kip1 is a ubiquitously expressed member of the Cip/ Kip family of cyclin-dependent kinase (CDK) inhibitors Toyoshima and Hunter, 1994) . Its primary function is to induce and maintain the quiescent state in response to antiproliferative signals such as mitogen deprivation and cell-cell contact (Sherr and Roberts, 1995) . p27
Kip1 accumulates in cells approaching quiescence (Coats et al., 1996; Dong et al., 1998a) , and cells lacking p27
Kip1 do not readily growth arrest. For example, cells receiving p27
Kip1 antisense oligonucleotides or expressing p27
Kip1 antisense cDNA continue to cycle when placed in mitogen-depleted medium (Coats et al., 1996; Rivard et al., 1996) . Moreover, because of inappropriate cell proliferation, p27 Kip1 -null mice exhibit multiorgan hyperplasia and are larger than their control littermates (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996) . Conversely, p27
Kip1 decreases in abundance when quiescent cells are exposed to mitogens or replated at lower densities Nourse et al., 1994; Agrawal et al., 1996; Winston et al., 1996) . Conditions that prevent p27
Kip1 downregulation prevent cell cycle re-entry; such conditions include ectopic expression of p27 Kip1 and treatment of T cells and macrophages with rapamycin and cyclic AMP agonists, respectively (Kato et al., 1994; Nourse et al., 1994; Toyoshima and Hunter, 1994; Zhang et al., 2000) . Depending on the system, p27
Kip1 expression is modulated at the transcriptional, translational, and/or posttranslational level (Pagano et al., 1995; Agrawal et al., 1996; Hengst and Reed, 1996; Millard et al., 1997; Nguyen et al., 1999; Dijkers et al., 2000; Yang et al., 2001) .
The major targets of p27 Kip1 are members of the CDK family of nuclear serine/threonine kinases. CDKs associate with cyclins, which are expressed periodically, to form catalytically active complexes that orchestrate the passage of cells through the cell cycle (Pines, 1995) . p27
Kip1 interacts with and inhibits the activity of complexes containing the D cyclins and cdk4, cyclin E and cdk2, and cyclin A and cdk2. When active, these complexes mediate G0/G1 progression and S phase entry. Although best known as a CDK inhibitor, p27 Kip1 may have additional functions. We found that p27 Kip1 antisense oligonucleotides blocked the suspension-induced differentiation of primary keratinocytes without resulting in CDK activation (Hauser et al., 1997) .
Inhibition of intestinal cell differentiation (but not restoration of CDK activities) by p27
Kip1 antisense cDNA has also been reported (Deschenes et al., 2001) . Moreover, in this system, ectopic expression of p27 Kip1 induced differentiation, whereas ectopic expression of the related CDK inhibitor, p21 Cip1 , did not. Miskimins et al. (2002) showed that p27
Kip1 increased the activity of the promoter for myelin basic protein when expressed in oligodendrocytes. This action of p27 Kip1 was not duplicated by the cdk2 inhibitor, roscovitine, and thus apparently was unrelated to CDK inactivation. Other studies demonstrated an association between p27
Kip1 and Jab1, a coactivator of the c-Jun and JunD transcription factors (Tomoda et al., 1999) . Conditions in which cdk2 was not active favored p27 Kip1 -Jab1 interaction, and formation of these complexes resulted in their translocation from the nucleus to the cytoplasm. In anergic T cells, the presence of p27 Kip1 -Jab1 complexes correlated with reduced Jun-dependent promoter activity and reduced interleukin-2 expression (Boussiotis et al., 2000) . Thus, in addition to regulating CDK activity, p27
Kip1 may also play a role in gene expression, and changes in gene expression elicited by p27 Kip1 , either directly or indirectly, may contribute to such processes as differentiation and proliferation.
In a previous study, we prepared a Balb/c-3T3 mouse fibroblast cell line (termed p27-47) that ectopically expresses p27
Kip1 in response to isopropyl-b-d-thiogalactoside (IPTG) (Zhang et al., 2000) . Surprisingly, subconfluent p27-47 cells grew normally in IPTGcontaining medium, despite marked reductions in cdk4 and cdk2 activities. Differences in growth rate became apparent as cells approached confluency, with the IPTG-treated cultures doubling more slowly and reaching lower saturation densities than the control cultures. Thus, the capacity of cells to grow in the presence of supraphysiological amounts of p27
Kip1 decreases as culture density increases. Moreover, the degree of confluency, rather than confluency itself, determines whether cells are susceptible or refractory to the antiproliferative actions of p27 Kip1 . When exposed to mitogens and IPTG, cells arrested at lower saturation densities efficiently entered the S phase, whereas cells arrested at higher saturation densities remained in G0/G1.
The data described above suggest that cells at high density require a mitogenic signal(s) that is not required by cells at low density and that this signal does not occur when amounts of p27
Kip1 exceed a certain threshold. This signal may involve the expression of a gene product that stimulates proliferation or the loss of a gene product that inhibits proliferation. The studies presented here show that the stress-inducible protein Gadd45a accumulates in cells arrested at high densities and that amounts of Gadd45a mRNA and protein decrease and remain low in cells stimulated in the absence, but not in the presence, of ectopic p27
Kip1
. We also find that ectopic expression of Gadd45a prevents density-arrested cells from initiating DNA synthesis. We suggest that p27 Kip1 inhibits the G0 to S phase progression of cells arrested at high densities by maintaining Gadd45a at levels that are nonpermissive for proliferation.
Results
Regulation of Gadd45a expression by p27
Kip1
Microarray analysis was carried out to identify genes whose expression is modulated in a p27 Kip1 -dependent manner in conditions in which p27
Kip1 is growth inhibitory. p27-47 cells, which ectopically express p27 Kip1 in the presence but not in the absence of IPTG, were grown to confluency in medium containing 10% serum. As a result, cells became quiescent at high densities, which rendered them responsive to the antiproliferative effects of p27
. Density-arrested cells were stimulated with platelet-derived growth factor (PDGF) and serum in the presence or absence of IPTG for 8 h (microarray analysis) or 18 h (cell cycle analysis). The cell cycle analysis verified the effectiveness of the IPTG treatment, and the results of two separate experiments are presented in Figure 1 . In both experiments, over 60% of the cells in the control populations were in S phase 18 h after addition of PDGF and serum. In contrast, populations stimulated in the presence of IPTG contained less than 15% S phase cells, as did quiescent populations. Thus, in these experiments, IPTG treatment and consequent p27
Kip1 overexpression efficiently prevented mitogen-treated cells from initiating DNA synthesis.
We chose the 8 h (i.e., a mid-G0/G1) time point for the microarray analysis to allow time for p27 Kip1 induction to effect changes in gene expression and to exclude the numerous cell cycle-dependent genes expressed in late G1 from the analysis (DeGregori et al., 1995) . Western blots confirmed that p27
Kip1 was more abundant in IPTG-treated cultures than in control cultures at 8 h (data not shown). The microarray analysis was done twice, using the Mu11 K and MG74A GeneChip arrays in experiments 1 and 2, respectively, which correspond to the cell cycle analyses shown in Figure 1 Kip1 . p27-47 cells were grown to confluency in medium containing 10% serum and treated with or without 1 mm IPTG for 18 h. Cells were then harvested (G0, G0 þ IPTG) or incubated for 18 h in medium containing 20 ng/ml PDGF and 10% serum (18 h) or 20 ng/ml PDGF, 10% serum, and 1 mm IPTG (18 h þ IPTG). The percentages of cells in G1, S, and G2/M were determined by FACS analysis. Experiments 1 and 2 correspond to experiments 1 and 2 in Table 1 from the Unigene data base for B11 000 mouse genes, and the MG-74A arrays are an updated and overlapping version of the Mu11 K arrays. Table 1 lists the four genes whose expression was increased (gadd45a, PTX3) or decreased (cdc2, Rrm2) more than twofold in IPTGtreated versus control cultures in both analyses. The Rrm2 gene encodes a subunit of ribonucleotide reductase, an enzyme involved in DNA replication (Thelander and Berg, 1986) , and the protein product of the PTX3 gene plays a role in inflammation (Breviario et al., 1992) . The remaining genes encode the cell cycle-regulatory proteins, cdc2 and Gadd45a. cdc2 is a CDK that combines with cyclin B to signal entry into mitosis (Nurse, 1990) , whereas Gadd45a arrests cells in G1 or G2 (Fornace et al., 1988; Fan et al., 1999; Wang et al., 1999; Zhang et al., 2001 ). As we were interested in potential targets of p27
Kip1 during G0/G1, we selected Gadd45a for further analysis.
Northern blots were performed to corroborate the microarray data and to examine the kinetics of Gadd45a mRNA expression in control and IPTG-treated p27-47 cells. Density-arrested cultures pretreated with or without IPTG expressed readily detectable amounts of Gadd45a mRNA (Figure 2a, lanes 1 and 5) . Amounts of Gadd45a mRNA declined within 2 h of addition of PDGF and serum to quiescent cells and were substantially reduced at 8 h (lanes 2 and 3). By 18 h, Gadd45a mRNA levels had partially returned to starting levels (compare lanes 1 and 4). In cells receiving PDGF, serum, and IPTG, Gadd45a mRNA levels decreased initially, but were fully restored to quiescent levels by 8 h (lanes 6 and 7). These findings are consistent with the microarray data and suggest that enforced expression of p27
Kip1 counteracts the decrease in Gadd45a mRNA abundance induced by PDGF and serum. The pattern of Gadd45a mRNA loss and recovery seen in p27-47 cells stimulated in the absence of IPTG is similar to that seen in quiescent smooth muscle cells exposed to PDGF or serum (Kettenhofen et al., 2001) .
The greater abundance of Gadd45a mRNA in cells stimulated in the presence than in the absence of IPTG may reflect the capacity of p27
Kip1 to induce events that increase the synthesis or stability of the Gadd45a transcript. Alternatively, p27
Kip1 may inhibit the mitogen-activated pathways that downregulate Gadd45a expression. We favor the latter hypothesis because p27
Kip1 did not increase Gadd45a mRNA levels when overexpressed in cycling, subconfluent p27-47 cells ( Figure 2a , lanes 9 and 10). Amounts of Gadd45a mRNA were low in cycling cells treated with or without IPTG for 18 h and were comparable to those of densityarrested cells receiving PDGF and serum for 8 h (compare lane 3 with lanes 9 and 10).
To confirm that ectopically expressed p27 Kip1 does not repress gene expression in general, we examined its effects on cyclin D1 mRNA expression, which is p27-47 cells were grown to confluency in medium containing 10% serum and treated with or without 1 mm IPTG for 18 h. Cultures were then refed with medium containing 20 ng/ml PDGF and 10% serum, and IPTG was readded to IPTG-pretreated cultures. Cells were harvested 8 h after stimulation, and total mRNA was isolated. The experiment was done twice, and two separate microarray analyses were performed using the Mu11 K and MG-74A GeneChip arrays. The table lists the genes whose expression was increased or decreased more than twofold by p27 Kip1 expression in both analyses. Experiments 1 and 2 correspond to experiments 1 and 2 in Figure 1 Effects of p27 Kip1 induction on Gadd45a expression in growing and arrested p27-47 cells. (a) Lanes 1-8: p27-47 cells were grown to confluency in medium containing 10% serum and pretreated with or without 1 mm IPTG for 18 h. Cells were refed with medium containing 20 ng/ml PDGF and 10% serum, and IPTG was readded to the IPTG-pretreated cultures. Cells were harvested at the times indicated. Lanes 9 and 10: exponentially growing p27-47 cells received 1 mm IPTG or no addition for 18 h. All lanes: amounts of Gadd45a mRNA were determined by Northern blotting. To ensure that all the lanes contained equal amounts of RNA, the agarose gel was stained with ethidium bromide for detection of 28S and 18S rRNA. (b) Density-arrested p27-47 cells were harvested (0 h) or stimulated for 8 h in medium containing 20 ng/ml PDGF and 10% serum (8 h) or 20 ng/ml PDGF, 10% serum, and 1 mm IPTG (8 h þ IPTG). Amounts of cyclin D1 mRNA and GAPDH mRNA (loading control) were quantitated by RNase protection assay. (c) Density-arrested p27-47 cells were stimulated with PDGF and serum in the presence or absence of IPTG for the indicated times. Amounts of Gadd45a and p27
Kip1 were determined by Western blotting. Lane 1: as a marker for Gadd45a, Balb/c-3T3 cells were transfected with an expression plasmid encoding Gadd45a
Gadd45a mediates growth inhibition by p27 Kip1 X Zhang et al upregulated by PDGF in fibroblasts (Winston and Pledger, 1993) . As demonstrated by RNase protection assay, amounts of cyclin D1 mRNA were greater in mitogen-stimulated p27-47 cells than in quiescent cells and were equivalent in cells stimulated with IPTG and cells stimulated without IPTG (Figure 2b) . The microarray analyses also showed similar amounts of cyclin D1 mRNA in extracts of control and IPTG-treated cells.
The effect of p27 Kip1 overexpression on the abundance of the Gadd45a protein was determined by Western blotting. Gadd45a was present in quiescent p27-47 cells ( Figure 2c , lane 2), but was almost undetectable in cells stimulated with PDGF and serum for 4, 8, or 12 h (lanes 6, 7, 8) . Amounts of Gadd45a also declined in cells receiving mitogens and IPTG for 4 h (lane 3). This decrease, however, was not sustained, and by 12 h, Gadd45a was equally abundant in IPTG-treated cultures and quiescent cultures (compare lanes 2 and 5). Thus, the pattern of Gadd45a protein expression parallels that of Gadd45a mRNA expression in control and IPTG-treated cultures. Western blots confirmed that p27
Kip1 was overexpressed in cells stimulated in the presence of IPTG.
Gadd45a mRNA is unstable in quiescent and stimulated cultures
When added to quiescent cells, mitogens may repress the transcription of the gadd45a gene or reduce the stability of the Gadd45a message. To assess stability, we monitored Gadd45a mRNA abundance in p27-47 cells exposed to actinomycin D, an inhibitor of mRNA synthesis. When actinomycin D was added to quiescent cells, amounts of Gadd45a mRNA decreased within 30 min, were substantially reduced at 2 h, and were below detection limits at 4 h ( Figure 3a) . Based on these kinetics, the Gadd45a transcript has a half-life of 50 min and thus is relatively unstable, even in the absence of mitogens. The half-life of Gadd45a mRNA in quiescent p27-47 cells is similar to the half-life of Gadd45a mRNA in quiescent rat fibroblasts (20-80 min) and breast carcinoma cells (45 min) (Marhin et al., 1997; Abcouwer et al., 1999) . Since Gadd45a mRNA degrades rapidly, it appears that a high rate of gadd45a gene transcription accounts for the accumulation of Gadd45a mRNA in density-arrested p27-47 cells. Within 2 h of addition of actinomycin D to mitogen-stimulated cells, amounts of Gadd45a were barely detectable (Figure 3b) . Thus, the Gadd45a transcript decays rapidly in both stimulated and quiescent cells. These findings suggest that mitogens downregulate Gadd45a by repressing the transcription of the gadd45a gene. Effects of p27
Kip1 on the stability of the Gadd45a transcript could not be determined because actinomycin D reduced the abundance of p27
Kip1 in IPTG-treated p27-47 cells.
To determine whether the decrease in Gadd45a mRNA abundance in mitogen-stimulated cells requires protein synthesis, density-arrested p27-47 cells were exposed to PDGF and serum in the presence or absence of the protein synthesis inhibitor cycloheximide. Gadd45a mRNA levels fell substantially in cells receiving PDGF and serum for 8 h, and this drop was largely prevented by cycloheximide (Figure 3c ). Cycloheximide had no effect on Gadd45a mRNA abundance in the absence of mitogens (data not shown). Thus, mitogens reduce the expression of the Gadd45a transcript by a process that is dependent on the synthesis of a particular protein or proteins.
Density-dependent expression of Gadd45a
As described above, amounts of Gadd45a mRNA were similar in exponentially growing p27-47 cells treated with and without IPTG (Figure 2a ). To determine whether ectopic expression of p27
Kip1 affects Gadd45a expression at any time during the growth cycle, p27-47 cells were seeded at low density and grown to confluence in medium containing or lacking IPTG. Cells were harvested daily for 5 days, and amounts of p27 (Figure 4a ). During the first 3 days of growth, control and IPTG-treated cultures grew at similar rates, and both populations expressed minimal amounts of Gadd45a mRNA (Figure 4a, b) . In the absence of IPTG, amounts of Gadd45a mRNA increased on day 4, coincident with the cessation of proliferation, and continued to increase in densityarrested cultures (day 5). IPTG-treated cultures became quiescent on day 3, at a density approximately 65% of that of control cultures. In these cultures, Gadd45a upregulation occurred subsequent to growth arrest (days 4 and 5) and to a much lesser extent than in control cultures. These findings show that ectopic expression of p27
Kip1 suppresses the increase in Gadd45a mRNA abundance that occurs when cells become quiescent and suggest that Gadd45a does not signal the exit of cells from the cell cycle.
Given the capacity of p27 Kip1 to prevent maximal Gadd45a downregulation in cells exiting G0, its capacity to prevent maximal Gadd45a upregulation in cells entering G0 seems paradoxical. Since IPTG-treated p27-47 cells arrest at lower densities than do their untreated counterparts (Figure 4a) (Zhang et al., 2000) , it is possible that culture density dictates the extent of Gadd45a expression in cells entering quiescence. In this situation, the effects of p27
Kip1 on Gadd45a expression would be limited to its effects on culture density, and conditions that increase culture density would be predicted to increase Gadd45a expression regardless of p27
Kip1 expression levels. To test this premise, we grew p27-47 cells for several days in medium containing 1, 5, or 10% serum. Cultures were harvested on the day at which they became confluent, and cell numbers were determined. Cells grown in medium supplemented with 5% serum and in medium supplemented with 10% serum achieved similar densities, 12 Â 10 6 and 15 Â 10 6 cells/plate, respectively. Cells cultured in the presence of 1% serum were larger than those cultured in the presence of 5 or 10% serum and reached a density of only 3.7 Â 10 6 cells/plate. All cultures were quiescent and expressed similar amounts of endogenous p27 Kip1 ( Figure 5 and data not shown). Amounts of Gadd45a mRNA and protein were similar in cells receiving 5% serum and 10% serum and were greater in cells exposed to 5 or 10% as compared with 1% serum. These data demonstrate a direct correlation between Gadd45a expression and culture density, and suggest that supraphysiological amounts of p27 Kip1 reduce Gadd45a expression by lowering the density at which the cells become confluent.
Effect of enforced expression of Gadd45a on the G0 to S phase transition
To address the biological consequences of Gadd45a expression, we prepared Balb/c-3T3 cell lines that ectopically express Gadd45a in response to IPTG. Growth curves and Gadd45a expression levels for one of these cell lines, termed Gadd45-24, are shown in Figure 6 . Gadd45a protein was much more abundant in IPTG-treated cultures than in control cultures at all time p27-47 cells were grown in 100 mm tissue culture plates in medium containing 1, 5, or 10% serum and were harvested on the day at which cultures became confluent. Cell numbers at confluency were 3.7 Â 10 6 , 12 Â 10 6 , and 15 Â 10 6 for cells receiving 1, 5, and 10% serum, respectively. Amounts of Gadd45a mRNA were determined by Northern blotting, and amounts of Gadd45a and p27
Kip1 were determined by Western blotting. As normalization controls for Northern and Western blotting, amounts of 18S and 28S rRNA and actin, respectively, are shown Gadd45a mediates growth inhibition by p27 Kip1 X Zhang et al points (Figure 6a ). However, Gadd45-24 cells grew in medium containing IPTG, albeit at a slower rate than did cells in medium lacking IPTG (Figure 6b) .
When density-arrested p27-47 cells are exposed to PDGF and serum, Gadd45a mRNA and protein levels decrease and remain low for at least 12 h, and S phase entry begins 12-15 h after stimulation (Figure 2a and data not shown). In cells stimulated in the presence of IPTG, Gadd45a mRNA and protein levels decline briefly but return to quiescent levels at or before 12 h, and IPTG-treated cells do not enter S phase. Thus, when present in cells at sufficient quantities, Gadd45a may prevent quiescent cells from initiating DNA synthesis in response to mitogens. To test this premise, Gadd45-24 cells were treated with PDGF and serum in the presence or absence of IPTG for 18 h, and cell cycle position was determined by FACS analysis. When exposed to mitogens, 35% of the cells in the control population entered S phase, as compared with less than 6% of the cells in the IPTG-treated population (Figure 6c ). These findings show that ectopic expression of Gadd45a activates a G1 checkpoint and suggest that p27 Kip1 inhibits the G0 to S phase transition by promoting the accumulation of Gadd45a.
Discussion
Gadd45a was originally identified as a gene product that was enriched in hamster fibroblasts exposed to DNAdamaging agents (Fornace et al., 1988) . Subsequent studies showed that Gadd45a was also highly expressed in serum-deprived and contact-inhibited cells of mouse, human, and hamster origin (Fornace et al., 1989) . Gadd45a is a highly charged, acidic protein of B21 kDa that is localized primarily in the nucleus Zhan et al., 1994) . Biological activities of Gadd45a include the repair of damaged DNA and the modulation of chromatin structure and accessibility (Carrier et al., 1999; Smith et al., 2000) . Gadd45a also functions as a growth inhibitor. Cells that overexpress Gadd45a form fewer colonies and grow at slower rates that do their vector-transfected counterparts Zhang et al., 2001) . Conversely, Gadd45a-null cells grow faster than do Gadd45a-wild-type cells . Mice lacking Gadd45a develop normally but exhibit genomic instability and, like p27 Kip1 -null mice, are larger than their wild-type counterparts (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996; Hollander et al., 1999) .
The studies described here provide new information about Gadd45a. We show that Gadd45a expression is regulated by p27
Kip1 and culture density, and that enforced expression of Gadd45a activates a G1 checkpoint in mouse fibroblasts. Our studies were carried out on cell lines derived from Balb/c-3T3 cells, and specifically, we show the following: (1) cells arrested at high densities express more Gadd45a mRNA and protein than do cells arrested at low densities; (2) mitogenic stimulation of density-arrested cells reduces Gadd45a expression, and this decrease is inhibited by ectopic expression of p27 Kip1 ; and (3) overexpression of Gadd45a prevents density-arrested cells from entering S phase in response to mitogens. In a previous study, we demonstrated a direct correlation between culture density and the susceptibility of cells to the antiproliferative actions of p27
Kip1 (Zhang et al., 2000) . On the basis of our current findings, we propose a model of cell cycle regulation in which culture density modulates Gadd45a expression and the extent to which Gadd45a is expressed determines how cells respond to p27 Kip1 . We suggest that amounts of Gadd45a above a certain threshold are growth inhibitory and that such amounts are achieved in cells arrested at high but not low densities. When cells arrested at high densities are exposed to mitogens, Gadd45a levels fall below the Overexpression of Gadd45a activates a G1 checkpoint.
(a, b) Gadd45-24 cells were seeded at a density of 0.6 Â 10 6 cells/ 100 mm plate into medium containing 10% serum. Some cultures received 1 mm IPTG at the time of seeding, and cells were harvested daily for 5 days. (a) Amounts of Gadd45a were determined by Western blotting. (b) Cell numbers were determined with a hemacytometer and are expressed as cumulative doublings. (c) Density-arrested Gad45a-24 cells were harvested (0 h) or stimulated for 18 h in medium containing 25 ng/ml PDGF and 10% serum in the presence (18 h þ IPTG) or absence (18 h) of IPTG. The percentages of cells in G0/G1, S, and G2/M were determined by FACS analysis of cells stained with propidium iodide Gadd45a mediates growth inhibition by p27 Kip1 X Zhang et al threshold and remain low for several hours, thus allowing cells to move through G0/G1 and into S phase. However, in cells stimulated in conditions in which p27
Kip1 is overexpressed, Gadd45a levels do not remain below the threshold, and G0/G1 progression does not occur. In cells arrested at low densities and in exponentially cycling cells, Gadd45a is expressed at subthreshold levels and, consequently, would not impede proliferation, even in the presence of large amounts of p27 Kip1 . Thus, the capacity of p27
Kip1 to inhibit G0 to S phase progression is dependent on the amount of Gadd45a in cells. When overexpressed, amounts of Gadd45a obviously exceed the threshold and inhibit cell proliferation regardless of culture density. How culture density regulates Gadd45a expression and how p27
Kip1 blocks mitogen-induced reductions in Gadd45a expression remain to be determined.
Maximal Gadd45a expression occurs in conditions in which growth inhibition is combined with stress . For example, density-dependent growth arrest coupled with the depletion of essential nutrients from the culture medium substantially increases the amount of Gadd45a mRNA in hamster fibroblasts . In these experiments, medium depletion was accomplished by incubating confluent cultures for 2-4 days without refeeding. The growth of cells to high densities also induces stress by causing medium depletion and by imposing spatial constraints that restrict cell movement and spreading. Thus, our data showing that Gadd45a expression is a function of culture density are consistent with the concept of stressinduced Gadd45a expression.
Human fibroblasts arrest in G2 when microinjected with an expression vector encoding Gadd45a (Wang et al., 1999; Yang et al., 2000) . Conversely, loss of Gadd45a abrogates the G2 checkpoint induced by UV irradiation and methyl methanesulfonate Wang et al., 1999) . The mechanism by which Gadd45a elicits G2 arrest involves the interaction of Gadd45a with cyclin B-cdc2 complexes and the consequent disruption of these complexes (Wang et al., 1999; Jin et al., 2000; Yang et al., 2000) . In some instances, however, Gadd45a blocks cell cycle progression in G1; such instances include the ectopic expression of Gadd45a in H1299 lung carcinoma cells and U2OS osteosarcoma cells Fan et al., 1999; Zhang et al., 2001) . Gadd45a has also been implicated in the G1 arrest that occurs in A431 cells exposed to epidermal growth factor (Fong et al., 2001) . Our data show that supraphysiological amounts of Gadd45a block the G0 to S transition in quiescent Gadd45-24 cells exposed to mitogens and thus provide further evidence in support of Gadd45a-mediated G1 arrest. Our studies do not exclude the existence of additional checkpoints in IPTG-treated p27-47 cells, and the mechanistic basis of the Gadd45a-activated G1 checkpoint remains to be determined. The addition of mitogens to density-arrested Balb/c-3T3 cells results in the activation of cdk4-containing complexes beginning 9 h poststimulation and the activation of cdk2-containing complexes at the G1/S border (Agrawal et al., 1996; Dong et al., 1998b) . In contrast, Gadd45a mRNA levels are restored to quiescent levels within 8 h of addition of PDGF, serum, and IPTG to quiescent p27-47 cells. These kinetics suggest that p27
Kip1 promotes the accumulation of Gadd45a mRNA by a process that does not involve CDK activation.
Gadd45a-null mouse embryo fibroblasts enter G0 when deprived of serum, thus indicating that Gadd45a is not required for G0 arrest . In p27-47 cells grown to confluence in the presence of IPTG (shown here) and in smooth muscle cells deprived of serum (Kettenhofen et al., 2001) , increases in Gadd45a expression occurred after cells had ceased proliferation. Thus, Gadd45a upregulation apparently is a consequence rather than a cause of cell cycle arrest. Rather than inducing quiescence, Gadd45a may provide a growth-suppressive signal that contributes to the maintenance of quiescence. We suggest that conditions that are highly restrictive for growth (e.g., high culture density) induce the expression of large amounts of Gadd45a, which in turn decrease the responsiveness of cells to mitogenic signals.
Materials and methods
Preparation of cell lines and cell culture
Balb/c-3T3 cell lines expressing p27 Kip1 or Gadd45a under IPTG regulation were prepared by a two-step procedure originally devised by Labow et al. (1990) and Pestov and Lau (1994) , and recently described by Zhang et al. (2000) . Cells were first transfected with a plasmid encoding the inducerbinding domain of the lac repressor inserted upstream of the VP16 transcriptional activation domain. Neomycin-resistant colonies were screened for repressor activity using a plasmid containing a luciferase reporter gene positioned downstream of a multimerized lac operator sequence. A cell line (designated LAP-31) that exhibited high levels of luciferase activity in the absence of IPTG and basal levels in the presence of IPTG was used for step two of the procedure. LAP-31 cells were transfected with a plasmid (pX12) encoding the entire mouse p21 Kip1 or the entire human Gadd45a coding sequence (provided by Dr A Fornace). The full-length Gadd45a fragment was prepared by polymerase chain reaction (PCR) using pCMV-Gadd45a as template and a 5 0 NheI primer (5 0 GCCTAGCTAGCATGACTTTGGAGGAATTCTCG 3 0 ) and a 3 0 EcoRV primer (5 0 CTAGTGATATCTCACCGTTCA-GGGAGATTAATCAC3 0 ). The PCR product was sequenced and subcloned into pX12 at the NheI and EcoRV sites.
After transfection of LAP-31 cells, hygromycin-resistant colonies were screened for IPTG-inducible expression of p27 Kip1 or Gadd45a by Western blotting. Two cell lines were used in the studies described here: p27-47 and Gadd45-24, which express supraphysiological amounts of p27
Kip1 and Gadd45a, respectively, in response to 1 mm IPTG (see below) (Zhang et al., 2000) . Both cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 50 mg/ml streptomycin, 50 U/ml penicillin, 200 mg/ml G418, and 50 mg/ml hygromycin at 371C in a humidified atmosphere containing 5% CO 2 .
To induce cell cycle progression, confluent quiescent cultures were refed with fresh medium containing 20 ng/ml PDGF (the BB isoform) and 10% serum. For ectopic expression of p27 Kip1 or Gadd45a, IPTG was added to confluent p27-47 or Gadd45a-24 cultures either at the same time as or 18 h before PDGF and serum. IPTG does not appreciably increase the ectopic expression of p27 Kip1 or Gadd45a when added to quiescent cultures; that is, both IPTG and mitogens are required for efficient expression (data not shown). Thus, the kinetics of p27
Kip1 induction are similar in cells exposed to IPTG before the addition of mitogens and cells simultaneously exposed to mitogens and IPTG.
Flow cytometry
Cells were removed from the plates with 0.125%. trypsin and 0.5 mm EDTA in phosphate-buffered saline (PBS); an equal volume of medium containing 10% serum was added to neutralize the trypsin. Cells were pelleted and resuspended in PBS (1 ml), and 100% ethanol (4 ml) was added drop by drop while vortexing. After incubation at 41C for a minimum of 2 h, cells were pelleted and resuspended in PBS containing 0.1% Tween 20, 0.05% bovine serum albumin, 10 mg/ml RNase A, and 50 mg/ml propidium iodide. After a further incubation at room temperature for at least 30 min, cell cycle distributions were determined with a Becton Dickinson FACScan.
Microarray analysis
The microarray analysis was done on an Affymetrix GeneChip Instrument System following protocols established by Affymetrix Inc. Total cellular RNA was prepared with Trizol Reagent (Invitrogen) and further purified using an RNeasy kit (Qiagen). RNA was converted to double-stranded cDNA using an oligo dT24 primer that contains an RNA polymerase T7 recognition sequence, and the resulting double-stranded cDNA was transcribed into biotin-labeled cRNA using T7 RNA polymerase. Biotinylated cRNA was hybridized to GeneChip probe arrays, and hybridized RNA was visualized by staining the biotinylated cRNA with streptavidin-conjugated phycoerythrin. Scanned chip images were analysed using GeneChip algorithms. Two GeneChip arrays were used in our experiments: the Mu11k set (A and B chips), which contains B11 000 functionally characterized mouse genes and EST clusters, and the Murine Genome U74A (MG-74A) set, which contains B11 000 known genes and ESTs (Affymetrix Inc.).
Northern blotting and RNase protection assays
For Northern blotting, total cellular RNA was prepared using Trizol Reagent, and aliquots (15 mg/lane) were separated on 1% agarose-formaldehyde gels. RNA was transferred to Biobond nylon membranes (Sigma) and crosslinked to the membrane in a Stratalinker. Sequence-verified DNA fragments from expressed sequence-tagged clones (Image clones, Research Genetics) were gel-purified and 32 P-labeled using a DECAprime II kit (Ambion, Inc.). Hybridizations using the radiolabeled probe were carried out overnight in PerfectHyb Plus (Sigma) at 651C. The blots were washed twice at room temperature with 2 Â SSC/0.1% SDS, and radiolabeled bands were visualized by autoradiography.
For RNase protection assays, RNA (7 mg) was hybridized overnight at 561C with 32 P-labeled probes corresponding to the mCYC-1 probe set (PharMingen). Samples were then digested with RNase T1 and RNase A for 45 min at 301C and proteinase K for 15 min at 371C. Samples were extracted with phenol/chloroform, collected by ammonium acetate/ethanol precipitation, denatured at 901C for 3 min, and electrophoresed on a 5% polyacrylamide gel. Gels were dried and exposed to X-ray film.
Western blots
For determination of Gadd45a protein levels, cells were scraped from the plates, resuspended in PBS containing 1% Nonidet-P40, 10% glycerol, and Complete protease inhibitors (Roche), and sonicated. Proteins (B150 mg) were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Blots were blocked in PBS containing 0.05% Tween and 5% instant milk and incubated with Gadd45a antibody (H-165; Santa Cruz) in PBS containing 0.05% Tween. This antibody recognizes both mouse and human Gadd45a. Proteins recognized by the antibody were detected by enhanced chemiluminescence using a horseradish peroxidase-coupled secondary antibody as specified by the manufacturer (Pierce). p27
Kip1 Western blots were carried out as described previously (Zhang et al., 2000) .
